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3 values to 'creamy' mouthfeel in fat-rich semi-solid dairy colloids [27], higher µ values to 'pasty' 80 mouthfeel in hydrogels [28] in trained to untrained consumers.
81
Considering the importance and topical nature of oral lubrication research, this review aims 82 to cover the latest advances in tribology research in soft oral contacts and theoretical 83 developments relevant for this field. We briefly cover the surface roughness, modulus, wettability 
92
correlations to mouthfeel attributes will not be discussed within this review and interested readers 93 may refer to previous reviews [10, 19] . Although there has been recent reviews on oral tribology 94 [15] [16] [17] [18] [19] , the novelty of this review is that we focus on theoretical approximations used to 95 understand the mechanisms behind lubrication of soft oral surfaces by endogenous/ exogenous 96 lubricants, ranging from load bearing abilities to drag force dependent entrainment. We discuss the (Fig. 1b) . Almost front two-thirds of the human tongue's surface is 119 covered by numerous filliform papillae that contain no taste buds and are believed to be 120 contributing to friction and mechano-sensation. Besides filiform papillae, taste-bud containing 121 mushroom-shaped fungiform papillae and other papillae (foliate, circumvallate) also anchor to the 122 tongue surface encoding taste perception [29] that have gathered most research attention in the 123 literature. Spectrum of material physics properties, such as surface roughness generated by 124 papillae structure [30, 31] , modulus [32] of tongue surface is quite unique. For instance, the human 125 filiform papillae can contain 6-12 protruding hairs, each of which are of 34-50 µm width contributing 126 to overall 420-500 µm diameter in the root [31] and height of 250 µm, while, fungiform papillae 127 almost doubling the diameter of the filiform ones (Fig. 1b) . 
143
that engineering of these filiform papillae on tongue surface by nature provides it a more coarse 144 texture than even a 100-grit sandpaper. However, the tongue does not feel as coarse as
145
represented by its roughness largely due its reduced "stiffness" (Young's modulus 
170
deficient or reformed saliva-dominant film, 2) saliva-food particle mixture-dominant or 3) food 171 particle-dominant films, attributed to interactions of food with this salivary film at multiple length and 172 time scales. However, it remains largely unknown which of these three mechanisms dominates
173
and this has an implication on mouthfeel that may range from 'astringency' to 'creamy' perceptions. 
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The role of the surfaces in fluid mechanics is more of a concern to the other end of the 
213
On might argue that the conventional plate-plate rheological geometry has been demonstrated to 
221
Oral processing involves both rheological and tribological limits [17] . As depicted 222 schematically in Fig. 2 
226
When oral processing progresses, the fluid film start to decrease in thickness due to swallowing 227 and the tongue papillae are in close contact with the palate surface ( Fig. 2) , here, mouthfeel 
272
[51] recently estimated that filiform papillae in our tongue can act as strain amplifiers. They 
293
Furthermore, a number of questions remain to be answered in future on how filiform papilla behave 294 in the tribological limit and how such changed surface roughness due to deformation affects friction 295 coefficients when lubricated by Newtonian as well as non-Newtonian lubricants.
296
Oral lubrication of soft surfaces by complex fluids 297
The oral cavity is a unique environment that is subjected to different niches of complex fluids. We 298 will focus on two key complex fluids namely 1) non-Newtonian saliva that is endogenous to human 299 mouth and 2) soft microgels (protein-or starch-or lipid-based) [52, 53] that is exogenously 300 employed, latter representing soft food or oral medicines. We will discuss their corresponding 301 interactions with the oral-mimetic surfaces; with compliance nature of soft tongue tissue been 302 commonly mimicked using PDMS surfaces in the last decade.
303
Performance of lubricated contacts is commonly divided into three regimes in the Stribeck 304 curve (Fig. 3a) based on the response of friction coefficient on the changes of the working 
326 327
In the boundary lubrication regime (Fig. 3a) , occurring commonly at the lowest working . This dependence has been shown to correlate 336 with changes in contact area that can be calculated using the classical Hertz contact theory.
337
Mathematical expressions for the contact radius (a H ), indentation (δ) for point contacts subjected to 
353
When the contacting surfaces are coated by an amphiphilic macromolecule with polar head
354
groups, a dramatic reduction of friction coefficient can be envisaged (Fig. 3a) . to shear in a fluid manner and contribute to hydration lubrication, which requires future attention
368
The mixed lubrication regime is observed as a decrease in friction coefficient as the ratio 369 between hydrodynamic forces to the contact load increases. As the described ratio increases,
370
more lubricant is entrained into the contact area decreasing the effective asperity contact and thus 371 the friction force (Fig. 3a) . Due to the scarce presence and high confinement of the fluid film in the 372 boundary and mixed regime, the performance of a complex lubricant does not relate to its (Fig. 3a) . However, the true 471 mechanism by which saliva lubricates is still under research as neither of these highly glycosylated Fig. 3b . Recently, we studied the lubrication of whey protein microgels [52] 
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radius and contact radius of microgel particles, aTP is the tribopair surfaces contact radius, and φP is 526 the particle concentration. Additionally, we calculated the hydrodynamic drag to estimate the size 527 of particles that could be entrained into the contact by the hydrodynamic flow. Based on 528 calculations of particle level elastic deformation and hydrodynamic forces, Torres et al. [53] 529 attributed the lubrication of microgels to the rupture of these microgel releasing some of the 530 emulsified lipid droplets under highly confined shear. Microgel particles were not capable to 531 support the load and were almost lubricating like solid grease. On the other hand, higher elastic 532 modulus of emulsion microgels (~20-30 µm size) allowed these particles to be entrained inside the 533 contact breaking them down to the level of emulsion droplet (0.08 µm size) supporting partially the 534 contact load decreasing the friction coefficient to a higher extent (Fig. 3b) . Although, the procedure 
Future perspectives on synthetic materials to emulate oral surfaces
552
A key challenge to perform oral lubrication measurements is that the targeted oral modulus and 553 surface chemistry offer a rather narrow window for the choice of soft elastomeric materials to 554 effectively emulate tongue surfaces. We discuss few of the several challenges on tribopairs that 555 needs to be addressed in oral lubrication research. 
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625
Another important feature, which is underestimated, is the vital role of surface roughness.
626
The PDMS surface used currently has nanometer scale surface similar to steel, which is several 
637
However, in all of these traditional sandblasting and newer 3D printing technologies, a delicate 638 interplay between Young's modulus, tensile properties (Fig. 4) [52] . Although wettability of soft oral surfaces by 664 salivary film is a key feature that might contribute to oral lubrication, experiments should be carried 665 out both in absence and presence of pre-adsorbed real or artificial saliva films. This will help to 666 understand the mechanisms behind oral lubrication, whether it is driven by the food particle, saliva 667 or food particle-saliva mixture dominant film.
669
Conclusions
670
Understanding of oral lubrication is crucial to decode mechano-sensing during eating, and 
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